In the summer of 1997, we measured the aggregate exposures of nine preschool children, aged 2-5 years, to a suite of organic pesticides and other persistent organic pollutants that are commonly found in the home and school environment. The children attended either of two child day care centers in the Raleigh-Durham-Chapel Hill area of North Carolina and were in day care at least 25 h/week. Over a 48-h period, we sampled indoor and outdoor air, play area soil and floor dust, as well as duplicate diets, hand surface wipes, and urine for each child at day care and at home. Our target analytes were several polycyclic aromatic hydrocarbons (PAH), organochlorine pesticides, and polychlorinated biphenyls (PCB); two organophosphate pesticides (chlorpyrifos and diazinon), the lawn herbicide 2,4-dichlorophenoxyacetic acid (2,4-D), three phenols (pentachlorophenol (PCP), nonyl phenols, and bisphenol-A), 3,5,6-trichloro-2-pyridinol (TCP), and two phthalate esters (benzylbutyl and dibutyl phthalate). In urine, our target analytes were hydroxy-PAH, TCP, 2,4-D, and PCP. To allow estimation of each child's aggregate exposures over the 48-h sampling period, we also used time-activity diaries, which were filled out by each child's teacher at day care and the parent or other primary caregiver at home. In addition, we collected detailed household information that related to potential sources of exposure, such as pesticide use or smoking habits, through questionnaires and field observation. We found that the indoor exposures were greater than those outdoors, that exposures at day care and at home were of similar magnitudes, and that diet contributed greatly to the exposures. The children's potential aggregate doses, calculated from our data, were generally well below established reference doses (RfDs) for those compounds for which RfDs are available.
Introduction
In previous work in the early spring of 1997, we measured the concentrations of several persistent organic pollutants (POP) in 10 child day-care centers in the Raleigh-DurhamChapel Hill area of North Carolina (Wilson et al., 1999 (Wilson et al., , 2001 . From these centers, we chose the two at which we had found the overall highest or the overall lowest concentrations of the targeted compounds. Then in the summer of the same year, we measured the aggregate exposures of nine preschool children, ages 2-5 years, from the chosen two centers, to the same suite of organic pesticides and other POP that are commonly found in the home and school environment. The targeted pollutants were chosen because they often persist indoors and outdoors; they are distributed widely (Wania and MacKay, 1996) ; they have been used in schools and homes; and they can result in acute or chronic toxicity at high levels of exposure. These pollutants included polycyclic aromatic hydrocarbons (PAH); benzylbutyl and dibutyl phthalate; the organophosphate pesticides diazinon and chlorpyrifos (CPF); organochlorine pesticides such as DDT, chlordane, and heptachlor; polychlorinated biphenyls (PCBs); pentachlorophenol (PCP), nonyl phenols, and bisphenol-A; and the lawn herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) .
Young children are considered to be especially susceptible to the harmful effects of pollutants both because their bodies are immature and developing rapidly, and because their behavior, such as testing new objects with their mouths, may increase their exposures (Zahm and Devesa, 1995; Heil et al., 1996; Gurunathan et al., 1998; Mukerjee, 1998; Landrigan et al., 1999; Cohen Hubal et al., 2000a, b; Freeman et al., 2001a, b; Tulve et al., 2002 ). Children's exposures can come from several media, including air, dust, soil, and food. The routes of the exposures may be inhalation (Ny et al., 1993; EFH, 1995) , dietary and nondietary ingestion (Waldman et al., 1991; Menzie et al., 1992; Stanek and Calabrese, 1995a, b; Lewis et al., 1999; Curl et al., 2002; Fenske et al., 2002a, b) , and dermal absorption (Mukerjee, 1998; Griffin et al., 1999; Lu and Fenske, 1999) .
In this study, we measured the targeted compounds in several environmental media: indoor and outdoor air, house and classroom floor dust, and outdoor play area soil. We also measured the targeted compounds in several personal media: duplicate diet solid and liquid food, hand wipes, and urine. We obtained time-activity diaries and household observational data for all the children. Our objectives were to evaluate and refine methods for the study of preschool children's exposures, to measure the concentrations of the targeted POP in multiple media at children's homes and daycare centers, to estimate the range of concentrations and the children's aggregate exposures to and potential doses of the targeted pollutants, to examine possible differences between exposures at home and at day care, and to acquire information to aid us in the design of a larger study of preschool children's exposures, (Wilson et al., 2000 (Wilson et al., , 2001 ORD, 2000) .
Based on our findings in our preceding study of multimedia concentrations of these pollutants at 10 child day-care centers in the same geographic area of North Carolina (Wilson et al., 2001) , we formulated three hypotheses to evaluate in this study and for future testing: (1) Young children derive a large part of their exposures to, and potential doses of, POP through the ingestion pathway.
(2) The children's exposures at home and at day care are similar. (3) The exposures of children in low-income families and middle-income families are similar.
The participants in this study were nine children who attend child day-care centers at least 25 h/week. The children ranged in age from 2 to 5 years; their average age was 4. Five of the children were from a center that serves primarily middle-income families, and four were from a center that serves primarily low-income families. One child was Hispanic, three were African American, and five were Caucasian. During the sampling period, they spent about 40% of their time at day care and most of the remaining time at home.
Methods and materials

Selection of Participants
From 10 child day-care centers that participated in our previous study (Wilson et al., 2001) , the two centers were chosen that exhibited the lowest and the highest overall levels of our target pollutants. One center is located within the city limits of Durham, North Carolina; the other is located in a small, primarily rural community outside Raleigh, North Carolina. With the permission of the center directors, introductory letters were sent to all the parents of preschool children ages 2-5 years at each center. These letters included a participation summary sheet and a brief home survey, asking the parents to contact us for further information if they were interested in participating. Since only two parents were interested initially, new simplified flyers were distributed, with the permission of the center directors, to parents of children in the appropriate classrooms. Information tables were set up outside the centers, where parents could talk with us and ask questions about the study. There were 66 eligible children, ages 2-5 years, who were toilet-trained, and who attended either of the two centers. In all, 11 families were recruited successfully, of whom nine families actually participated in the study.
Sampling
All the sampling was conducted over a 2-week period. In the first week, sampling took place at one day-care center and at the homes of four children who attended that center. Two of the children, who were in the same classroom, participated in the first 48-h period, and the other two children, who were in a second classroom, participated in the second 48-h period that week. Similarly, in the second week, sampling took place at the second center and at the homes of five children who attended that center. Three children at the second center were in one classroom, and two were in another.
Sampling over the 48-h period was conducted simultaneously at each child's day-care center and at the child's home. Indoor and outdoor air, floor dust, play area soil, and duplicate diet samples were collected similarly to our earlier study of ten day-care centers (Wilson et al., 2001 ). In addition, hand wipes and urine samples were collected from each child. The children's parents and teachers were trained by our staff to collect the diet, hand-wipe, and urine samples. Additionally, these caregivers filled out time-activity diaries for each child. The diaries included time, place, surface, activity, and duration. Household questionnaires, covering family characteristics, occupation, income, education, use of pesticides, typical eating habits, type of cooking, etc., were administered by our field staff, who also gathered observational data on house and child day-care center characteristics, such as traffic density, location near possible pollutant sources, industries, etc.
Indoor and outdoor air at day care and at home were sampled for 48 h at 4 l/min with a URG sampler (University Research Glassware Corp., Chapel Hill, NC, USA). The 10 mm impactor-equipped inlet was followed by a glass cartridge containing a quartz fiber filter followed by XAD-2 resin for the targeted compounds except 2,4-D, or containing a Teflon-coated glass fiber filter followed by polyurethane foam (PUF) for 2,4-D, to collect both particulate-and vapor-phase materials (Chuang et al., 1987 (Chuang et al., , 1999b Wilson et al., 1991 Wilson et al., , 1996 . The indoor sampler was placed in a Styrofoam box equipped with a cooling fan, and then in a playpen with a net over the top to protect the equipment from curious children. The outdoor sampling pump and controls were sheltered in a dog house, which we provided, located centrally in the children's outdoor play areas. The air sampler inlets were placed at the approximate breathing height of the children, about 75 cm from the floor or ground.
Classroom and house floor dust were collected with a High Volume Small Surface Sampler (HVS3; Cascade Stack Sampling Systems Inc., Bend, OR, USA) using a standard ASTM method (Chuang et al., 1994; Lewis et al., 1994; ASTM, 1997) in the areas indicated by the teacher or parent as being where the children played most often. Play area soil was scraped from the top 0.5 cm of exposed soil over a 0.1 m 2 (1 ft 2 ) area in the location identified by the teacher or the parent as being most used by the children (Chuang et al., 1995) . The selected outdoor play areas generally had little or no grass.
Duplicate plates (Acheson et al., 1980; Block, 1982; Fennema and Anderson, 1991) of the daily meals served to the children in the participating classrooms and at home were collected on each of the two sampling days in the 48-h period. The same menus were served to all the children in a given classroom. Menus at home varied considerably, as expected. If a child brought his or her food from home, rather than eating food served at the day care, a duplicate of this food from home was collected. The foods were collected each day as composites of food eaten at home, and composites of food eaten at day care. Liquid and solid foods were collected separately in glass containers (Chuang et al., 1998; Wilson et al., 2001 ) and refrigerated until they were shipped on dry ice to the laboratory for analysis.
Each child's hand-wipe samples were collected by the child's caregiver. The wipes were of cotton gauze (Johnson and Johnson Sof-Wick). They were precleaned with dichloromethane (DCM), dried, then wetted before use with 2 ml of a 50% isopropanol/water solution. Two wipes for each child were collected at the day-care center, one just before lunch and before washing the child's hands, on each of the two sampling days. Two additional wipes were collected at home, just before dinner and before washing the child's hands, on each of the two sampling days. Each child's urine samples were collected using a plastic bonnet placed under the toilet seat, then transferred to a plastic bottle by the child's caregiver. Four urine samples were collected at home: one in the morning (the first morning void) and one in the evening before bedtime on each sampling day. Two urine samples were collected at day care, after lunch on each sampling day.
The wipe and urine samples were stored in chilled coolers at the centers or at home until collected by our staff. They were then stored in freezers until they were shipped on dry ice to the laboratory, then stored in freezers (À201C) until analyzed.
At least one field blank sample was collected in each sampled medium at each location. Additional details of the sampling and analytical methods are published elsewhere (Chuang et al., 1998) .
Analysis
The target compounds for analysis included 20 PAH, seven of which are classified as probable human carcinogens, B2 PAH; (IRIS, 1999; IARC) , two phthalate esters (PE), two organophosphate pesticides (OP), nine organochlorine pesticides (OC), 18 PCBs, three phenols (Ph), the lawn herbicide 2,4-D, and the CPF metabolite 3,5,6-trichloro-2-pyridinol (TCP).
The filter/XAD-2 air samples and field blanks were spiked with surrogate recovery standards (SRS): pyrene-d 10 , chrysene-d 12 , DDE-13 C, DDT-13 C, 2,2 0 ,4,5,5 0 -pentachlorobiphenyl, and fenchlorfos, and Soxhlet-extracted with DCM. The DCM extract was concentrated by KudernaDanish evaporation, and divided into two portions. The first portion was analyzed by gas chromatography/mass spectrometry (GC/MS) operated in the electron impact (EI), selected ion monitoring (SIM) mode, for PAH, PCB, PE, Ph, and OC and OP pesticides. Three GC/MS analyses were performed for each extract: one for PAH, Ph and PE, one for PCB, and one for OC and OP.
Only the filter of the filter/PUF air samples was analyzed for 2,4-D, since our method evaluation tests (Chuang et al., 1998) showed that the 2,4-D is retained in the filter. After spiking with the SRS 3,4-dichlorophenoxyacetic acid (3,4-D), the filter was extracted sonically with a phosphate buffer solution, and the extract was processed through a C18 solidphase extraction (SPE) column. The target fraction was concentrated, methylated, and analyzed by GC with electron capture detection (ECD) for 2,4-D.
Dust samples were separated into coarse and fine (o150 mm) fractions. Literature reports indicate that only the fine fraction of house dust contains significant quantities of the targeted organic pollutants (Lewis et al., 1999) . Additionally, the fine fraction is most likely to adhere to and remain on human skin (Duggan et al., 1985; Que Hee et al., 1985; Driver et al., 1989) . Therefore, only the fine dust fraction was analyzed. Soil samples were not separated into fractions (Lewis et al., 1999) . Both dust and soil were spiked with SRS and extracted twice each sonically with 10 ml of 10% diethyl ether (EE) in hexane for 20 min. The extracts were concentrated to 1 ml and applied to a Florisil SPE column, preconditioned with 50% EE in hexane followed by 100% hexane. The fraction eluted with 12 ml 15% EE in hexane was concentrated and analyzed by GC/MS for PAH, PCB, PE, OC, and OP.
A second aliquot of each dust and soil sample was used for analysis of Ph. The samples were extracted sequentially with 5% acetic acid in methanol, DCM, and 5% acetic acid in distilled water. The mixture was washed with distilled water, and the DCM extract was concentrated. One portion of the extract was methylated and analyzed for PCP and the other portion was not methylated and was analyzed for the other Ph.
A third dust/soil aliquot was extracted with phosphate buffer, cleaned up with C18 SPE, and analyzed for 2,4-D by GC/ECD (soil) or GC/MS (dust).
A fourth aliquot of dust/soil was extracted with acetonitrile (ACN) at 1201C under 2000 psi using accelerated solvent extraction (ASE). The ACN extract was solvent-exchanged into toluene; derivatized with N-methyl-N-(t-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA); and analyzed by GC/ MS for TCP.
The solid and liquid food samples were extracted separately (to allow comparison of these media as sources of exposure) and analyzed for the target compounds. Aliquots of the homogenized food samples were spiked with SRS, extracted with DCM, fractionated by gel permeation chromatography (GPC), and split into two portions. One portion was methylated and cleaned up with Florisil SPE for the determination of 2,4-D and PCP. The second portion was not methylated and was cleaned up with Florisil SPE for determination of the other target compounds. All the fractions were concentrated and analyzed by GC/MS.
A second aliquot of solid and liquid food samples was extracted with ACN at 1001C under 2000 psi using ASE. The resulting ACN extract was concentrated to 1 ml and diluted with 25 ml of acetone. The acetone extract was processed for acid-base partitioning and derivatization with MTBSTFA prior to GC/MS analysis for TCP.
The hand-wipe samples collected at home for each child were extracted together, as were the hand-wipe samples collected at day care. After addition of SRS, each combined sample was Soxhlet-extracted with 10% EE in hexane. The extract was dried with anhydrous sodium sulfate, concentrated to 1 ml, applied to a preconditioned Florisil SPE column, and eluted with 24 ml 15% EE in hexane. After concentration, this fraction was analyzed by GC/MS. The hand-wipe samples were not analyzed for 2,4-D, which would have required additional samples and a different analytical method.
For each subject, the urine samples collected at home were combined, as were the urine samples collected at day care. One 30-ml aliquot of each composite sample was used for determining hydroxy-PAH, PCP, and 2,4-D. A 1-ml aliquot was used for determining TCP. A 5-ml aliquot was sent for creatinine analysis (Smith Kline Beecham Laboratories, St Louis, MO, USA).
Urine samples were analyzed for hydroxy-PAH, PCP, and 2,4-D by hydrolysis with 6 N HCl, methylation with diazomethane, fractionation with a Florisil SPE column, and GC/MS. The samples were analyzed for TCP by hydrolysis with 6 N HCl, extraction with DCM, solvent exchange from DCM to toluene, derivatization with MTBSTFA, and GC/MS. All GC/MS analyses of sample extracts and standard solutions were done on a Hewlett-Packard GC/MS, operated in SIM mode (70 eV EI), with a ChemStation data system. The GC column was a DB-5 fused silica capillary column (60 m Â 0.32 mm; 0.25 mm film thickness), used with helium carrier gas. Following injection, the GC column was held at 701C for 2 min, then programmed to 1501C at 151C/min, then to 2901C at 61C/min. Molecular ions and their associated characteristic fragment peaks were monitored. Identifications were based on the GC retention times relative to those of corresponding internal standards and the relative abundances of the monitored ions. Quantifications were based on comparisons of the integrated ion current responses of the target ions to those of the corresponding internal standards using average response factors of the target analytes generated from standard calibrations.
Overall, 55 different chemical compounds were measured in eight media. The limits of detection (LODs) were estimated from the analytes' signal-to-noise ratios at the lowest levels of standard calibrations. These LODs for the various compound classes in the sampled media are given in Table 1 . Additional details of the methods and method validations for this study are available elsewhere (Chuang et al., 1998) .
Statistical Assessments
Statistical assessments were conducted on the following sample types: 48-h integrated indoor and outdoor air, HVS3 house and classroom dust, play area soil, 48-h duplicate diet, composite hand-wipe, and composite urine samples. Summary statistics (sample size, mean, median, standard deviation, minimum, and maximum) were determined for each of the preceding sample types. Four additional types of statistical analysis were performed: Spearman correlation analyses, Pearson correlation analyses, analysis of variance (ANOVA), and regression models. Summary statistics and Spearman analyses were done on the raw data, while the remaining analyses were done on natural log-transformed data.
Summary statistics were generated for the measured data by compound, sample medium, and family income. The lowincome households were categorized using the federal guidelines for assistance under the Women, Infants, and Children (WIC, 1997) , that is, household income less than 185% of the federal poverty guidelines. Summary statistics were also generated on the calculated estimated daily doses of the POP by compound, exposure pathway, and family income.
Spearman and Pearson correlation coefficients were calculated to examine the relations between POP concentrations in different sample media, and to examine the relations of the POP concentrations in each compound class within the sample medium.
An ANOVA model was used to examine the effects of sampling location (home vs. day-care center) and family income (low-vs. middle/upper-income) on POP concentrations for each sample medium. The natural log-transformed data in multimedia samples (air, dust, soil, food, wipe, and urine) were used for ANOVA. Urine data, calculated in two units F the weight per unit volume, ng/ml (not creatinineadjusted) and mmol/mol (creatinine-adjusted ) F were fitted separately to the ANOVA models.
Regression models were used to examine the relations between urinary metabolite concentrations and POP concentrations in the sampled media, as well as between urinary metabolites and estimated total daily POP dose. Two different types of regression models were fitted to the urinary metabolite data. The first type of model included factors for sampling location (day care vs. home) and POP concentrations. The POP data in play area soil were not included in the model, because these concentrations in soil were low, and initial analyses as well as literature reports (Fenske et al., 2000) showed that soil was not a significant factor for the urinary metabolite concentrations. The second type of model included factors for sampling location and estimated aggregate daily POP doses. The estimated aggregate daily POP doses were computed as the sums of the estimated daily doses from inhalation, nondietary ingestion, and dietary ingestion that resulted from the exposures at homes and at day-care centers. Separate models were fitted to selected hydroxy-PAH, PCP, 2,4-D, and TCP data in subjects' urine samples. All regression models were fitted to the lntransformed data.
Estimating Exposures and Potential Dose
The potential daily dose for a given child is calculated from the aggregate daily exposure of the child, where the aggregate exposure is defined as the total weight of a pollutant to which the child is exposed daily, in ng/day, through contact with all media. The potential dose is then the total exposure, through all routes and media, per kg body weight of the child per day. Assuming 100% absorption, the potential dose gives upper limits on the amount of the compound available for delivery to target organs. Since the concentrations of the targeted compounds found in this study were generally low, and the targeted compounds were not associated with fresh applications, the subject children's dermal exposures are expected to be low. Literature reports support this expectation. For example, in one study, less than 1% of CPF from a formulation applied to environmental surfaces 3.5 h earlier was transferred to skin surfaces (Lu and Fenske, 1999) . In another study, in which whole-body dosimeters were used, approximately 1.3 mg/kg per person transferred from CPFtreated turf, but only 1.3 mg/kg per person was absorbed, based on urinary TCP values (Bernard et al., 2001) . Of a relatively large amount (28.59 mg) of CPF applied to the skin of five adult human volunteers and left there for 8 h, only 1% of the applied dose was recovered in urine, with an implied half-life of 30 h (Griffin et al., 1999) . Therefore, the contribution of dermal absorption to exposure is expected to be negligible compared to the contributions from other media in this study and is not included in our calculations.
The potential daily dose of each POP in mg/kg per day was calculated using the following three equations. The first equation expresses the maximum daily dose through inhalation as
where D inh is the estimated dose through inhalation at home or at day care in mg/kg day, C i is the indoor air POP concentration at home or at day care in ng/m 3 , C o is the outdoor air POP concentration at home or at day care in ng/ m 3 , t i is the time the child spends indoors at home or at day care in min, t o is the time the child spends outdoors at home NAP indicates that these samples were analyzed only for pentachlorophenol (PCP). c Adjusted to micromoles per mole creatinine. The detection limit in mmol/mol varied from sample to sample; the ranges are reported.
or at day care in min, V is the child's estimated ventilation rate (the total volume of air inhaled per day), which is assumed to be 8.3 m 3 /day (EFH, 1995) , W is the measured body weight of the child in kg, and F is the fraction of the 24-h day that the child spent at home or at day care.
The maximum daily dose through nondietary ingestion is based on the dust and soil concentrations, the amounts of time indoors and outdoors, and the time that the child spends at home and at day care, which is expressed as
where D n is the estimated dose through nondietary exposure at home or at day care in mg/kg day, D i is the POP concentration infloor dust at home or at day care in mg/g, P o is the POP concentration in the pathway soil at home or at day care in mg/g, and M is the weight of dust/soil ingested by the subject daily, which is assumed to be 0.1 g/day (Stanek and Calabrese, 1995a, b) .
The maximum daily dose through dietary ingestion is based on the POP concentrations in the liquid and solid food composite samples and the mass of the food samples, which is expressed as
where D d is the estimated dose through dietary exposure at home or at day care in mg/kg day, S i is the POP concentration in the solid food samples at home or at day care in mg/kg, M s is the total weight in kg of solid food intake by the subject in the 48-h period, L i is the POP concentration in the liquid food samples in mg/kg, and M l is the total weight of liquid food intake by the subject in the 48-h period.
Results and discussion
Concentrations
The concentrations of the individual target compounds at home and at day care are given in Tables 2-5. Tables 2  and 3 show the mean concentrations and ranges of concentrations of the compounds in air, floor dust, and soil at the two child day-care centers and at the children's homes. The numbers of samples below the LOD for each compound are given in parentheses after the range of concentrations. In calculation of the mean concentrations, one-half the LOD was used for those samples below the LOD, which may cause the calculated means to be slightly higher than they might have been if the targeted pollutants were simply not present instead of being at levels too low to detect. The herbicide 2,4-D was seldom detected in indoor or outdoor air at homes and at centers. All the other target compound classes were detected in most of the analyzed air samples. The mean indoor air concentrations of all the target compounds were higher than those in outdoor air. Many of the target compounds were not detected at all in the soil samples, and most of the concentrations in soil were lower than those in floor dust. Tables 4 and 5 show the mean concentrations and ranges of concentrations of the compounds in the children's food and hand wipes, at home and at day care. In liquid food, concentrations of most of the target compounds, including most of the PAH, the OP and OC pesticides, the PCBs, and the Ph, were near or below the LOD. Benzylbutylphthalate, 2,4-D, and TCP were found in all of the liquid food samples. In solid food, concentrations of the larger B2 PAH, the OC pesticides, the PCBs, PCP, and 2,4-D, were also near or below the LOD. The two target phthalates; the PAH naphthalene, fluorene, fluoranthene, and pyrene; CPF; nonyl phenols; bisphenol-A; and TCP were found in all solid food samples.
The target compounds were seldom found in the composite hand-wipe samples, either at day care or at home. However, the range of concentrations in the hand wipes was large, except for the PCBs, which ranged only from less than to about three times the LOD. Table 6 shows the concentrations of the target compounds in the children's urine samples, composited over the entire 48-h sampling period for each child at home and day care. The actual concentrations are given in ng/ml, as well as the concentrations that have been normalized to mmoles per mole of creatinine. Although creatinine normalization is used frequently, to account for variability in dilution of the urine, in this study the creatinine-normalized values showed poorer correspondence with the measured exposures than did the non-normalized values. This supports the reported caution against using creatinine normalization in evaluating doses for children (O'Rourke et al., 2000) .
The benzo[a]pyrene metabolites, 1-and 3-hydroxybenzo[a]pyrene, were detected in only two of the nine composite urine samples. The PAH metabolites 1-and 2-naphthol, 3-hydroxyfluoranthene, 1-hydroxypyrene, and 6-hydroxychrysene, as well as PCP, 2,4-D, and TCP, were found in all urine samples.
Statistical Assessments
Sampling location, day care vs. home, exhibited statistically significant differences. Home levels of the targeted compound classes were higher than those at the centers for OP pesticides in indoor air (Po0.05). They were lower than those at the centers for total PAH in indoor air, PCB in indoor air (Po0.05) and outdoor air (Po0.01), and Ph in liquid food and floor dust (Po0.05).
The OP pesticide concentrations in liquid food were higher for the children in low-income families, compared to those in middle-income families (Po0.05). However, the Ph concentrations in urine and in liquid food were higher for the middle-income children (Po0.05). The PCP concentration in urine was higher for middle-income children (Po0.01). Two dust and two soil samples collected at each day care center. c The detection limit is shown for those samples below the detection limit and the fractions of samples below the limit of detection are shown in parentheses.
For those samples below the limit of detection, one-half the detection limit is used in the calculation of the mean. The detection limit is shown for those samples below the detection limit and the fractions of samples below the limit of detection are shown in parentheses. For those samples below the limit of detection, one-half the detection limit is used in the calculation of the mean. c ND indicates that all samples were below the limit of detection. Composite of four hand-wipe samples over two days at day care for each of nine children. c The detection limit is shown for those samples below the detection limit and the fractions of samples below the limit of detection are shown in parentheses.
For those samples below the limit of detection, one-half the detection limit is used in the calculation of the mean. Composite of two hand-wipe samples over 2 days at home for each child. c The detection limit is shown for those samples below the detection limit and the fractions of samples below the limit of detection are shown in parentheses.
For those samples below the limit of detection, one-half the detection limit is used in the calculation of the mean. The differences between day care and home, and between low-and middle-income, while statistically significant, are small, and do not give a clear-cut answer to the questions posed in the second and third hypotheses above. Examination of both effects, day care vs. home location and low-vs. middle-income, requires additional research to obtain data for a larger number of participants.
Potential Doses
The aggregate daily potential doses (PDs) of the targeted compounds through the inhalation, dietary ingestion, and nondietary ingestion pathways for the individual children are shown in Table 7 , and illustrated in Figure 1 . In the last four columns of the table are the mean, median, and range of potential doses. The volatile, abundant PAH with two or three rings contribute substantially to the total PAH exposure and PD. However, the seven PAH that are probable carcinogens together contributed a mean PD of about 10 ng/kg per day to the children in this study, with a range of about 2-33 and a median PD of 5 ng/kg day. The PE total PD values shown are probably underestimates and do not reflect the overall phthalate exposures, since many phthalates that were not measured in this study, such as diethylhexyl phthalate, are in high abundance in the environment. The two organophosphate pesticides, CPF and diazinon, were widely used at the time of this study (summer 1997) , and the PDs for these two OPs reflect this use, especially the use of CPF in residences and schools. Many of the organochlorine pesticides that are no longer in use have a long lifetime in the environment and still contribute to the PD for the children studied. Of the Ph, the nonyl phenols contributed most to the PD for this class of compounds. The herbicide 2,4-D is in wide use on lawns and play areas, and all nine children had exposures to this compound, with PDs ranging from 17 to 149 ng/kg day.
The PDs through inhalation and ingestion for each child were compared to the published daily oral reference doses (RfDs) (IRIS), for those chemicals for which RfD values are available. For most of the compounds, the mean ratio RfD/ PD ranged from 44 to 410 000, and the maximum ratio ranged from 20 to 36 100, indicating that the pollutant concentrations were well within safe levels. Surprisingly, two OC pesticides that are no longer in use had mean RfD/PDs of 14 and 16, and at the maximum PDs, RfD/PDs of 7 and 6, for aldrin and heptachlor, respectively. The PDs of the two OP pesticides were closest to the RfD values: CPF with a mean RfD/PD of 27 and at the maximum PD, an RfD/PD of 5; and diazinon with a mean RfD/PD of 8 and at the maximum PD, an RfD/PD of 1. The latter maximum PD value was obtained for a child whose household had a pesticide application approximately 3 days before we collected our samples. Thus, the child may have exceeded the RfD for several days. In future studies, it would be desirable to collect detailed information on pesticide applications and the timing of these applications relative to the sampling period, so that interpretation of the results and understanding of the significance of these occasional higher levels are less difficult. Figure 2 exhibits the children's mean daily potential doses, in ng/kg day, of the targeted compound classes through the inhalation, dietary ingestion, and nondietary ingestion routes of exposure. It can be seen that the highest exposures found in this study are to the PE, the Ph, and TCP, all of which are associated primarily with dietary ingestion. The mean potential dose of TCP from nondietary ingestion was b Normalized to micromoles per mole of creatinine. c The detection limit is shown for those samples below the detection limit and the fractions of samples below the limit of detection are shown in parentheses.
Routes of Exposure
For those samples below the limit of detection, one-half the detection limit is used in the calculation of the mean. 3.06 ng/kg day. The air samples in this study were not analyzed for TCP, so the potential dose of this compound from inhalation was not calculated here. However, archived air samples from a previous study of children's exposures, which took place in the same geographic location (Chuang et al., 1999a) , were analyzed. Three outdoor air samples had mean TCP concentrations of 0.3 ng/m 3 , and one indoor air sample had a TCP concentration of 1.7 ng/m 3 , which would produce an estimated mean potential dose of TCP of 0.6 ng/ kg day from inhalation. Such estimated contributions of TCP from non-dietary ingestion and inhalation pale beside the potential dose from dietary ingestion measured here, which is 504 ng/kg day, as seen in Figure 2a .
The total PAH, which include both the known human carcinogens (B2 PAH), most of which are present at low concentrations in the environmental media, and the more abundant and more volatile PAH, such as naphthalene, anthracene, and phenanthrene, are associated primarily with inhalation and secondarily with dietary ingestion. On the expanded scale in Figure 2b , the role of dietary ingestion is clear for most of the compound classes, and is the primary route of exposure for 2,4-D. Inhalation and dietary ingestion are both important routes of exposure for the organophosphate and organochlorine pesticides and the PCBs.
In the NHEXAS-Arizona study, the concentrations of the OP pesticide CPF in air were well correlated with hand-wipe concentrations, although those in dust were not (Gordon et al., 1999) . This suggests that non dietary exposure to this class of compounds, through hand-to-mouth transfer, may contribute to the aggregate exposure. However, the contributions of nondietary exposure found in the study reported here are relatively small for most of the target compound classes, and appear to be significant, relative to other routes, mainly for the B2 PAH, most of which have five or more rings and are of very low volatility.
Biomarkers of Exposure
The children in this study in general had low, likely chronic, exposures to several of the target compounds. For two compounds measured in urine, 2,4-D and PCP, the urinary concentrations were correlated significantly with the children's aggregate daily potential doses. However, the urinary concentrations of the CPF metabolite TCP were not significantly correlated with the potential doses.
A steady-state scenario between exposure and excretion of urinary metabolites of the compounds or the unchanged compounds themselves was assumed, and the children's daily potential doses of PCP, 2,4-D, benz [a] anthracene (BaA), and CPF were compared to the excreted doses measured in their urine. The urinary concentrations are given in Table 6 . Daily urine outputs of 22.4 ml/kg body weight for the children were assumed (Ballauf et al., 1988; Miller and Stapleton, 1989; Szabo and Fegyverneki, 1995) . The results are shown in Figures 3 and 4 . The mean daily potential doses of PCP, 2,4-D, and BaA through all routes compared to the excreted compounds/metabolites in urine are shown in Figure 3 in units of nmol/kg, so that no molecular weight correction factor need be applied. The potential dose and the amount excreted are similar for PCP and BaA, and are also reasonable for 2,4-D.
However, for CPF, shown in Figure 4 , the excreted amount of its metabolite TCP is approximately five times the potential dose of CPF. If the amounts of TCP that are in the environmental media and especially in the food that the children consumed are taken into account, the explanation is clear. The TCP potential dose from dietary ingestion alone (liquid and solid food, mean intake dose 2.5 nmol/kg day) is more than sufficient to produce the amount of TCP in the urine (1.1 nmol/kg day excreted). TCP has been found often in other environmental media (Chuang et al., 1999a; Morgan et al., 2002; Wilson et al., 2002) .
Urinary measurements of TCP have been shown to correlate well with CPF exposures for persons in agricultural settings where CPF has been applied recently (Fenske and Elkner, 1990) . A recent longitudinal study of the urinary OP metabolite levels of children living in an area where OP pesticides are used in agriculture found that the metabolite concentrations were higher in months when OPs were used on orchards, despite no direct contact of family members with the pesticides or location near the sprayed orchards (Koch et al., 2002) . In a study of CPF levels in house dust compared to urinary TCP levels for children of pesticide applicators, farm workers, and nonagricultural workers, urinary TCP did not match well the parental occupation, although it did match home garden pesticide use (Fenske et al., 2000 (Fenske et al., , 2002b . Observed levels of TCP may not match well the potential intake of CPF in nonacute exposure settings. In a study of the urinary TCP levels for human volunteers in the NHEXAS-Maryland study versus dietary intakes of CPF calculated from US FDA Market-Basket Surveys 1993-1997, the calculated dietary CPF accounted for only about 7% of the TCP (MacIntosh et al., 2001) . At the low levels of exposure encountered by the children in their everyday environments in the study reported here, the measured levels of TCP in urine imply a false, high estimate of CPF exposure, as shown in Figure 4 . Based on the findings in this study, it is suggested that the multimedia exposures of young children without recent acute exposures can be estimated from urinary measurements for PCP, 2,4-D, and BaA. However, it may not be possible to estimate their exposures to CPF by measuring TCP in their urine, because of high levels of TCP in food and other environmental media.
Conclusions
In this study of nine preschool children's aggregate exposures to a suite of persistent pesticides and other POP in their everyday environments, both at home and at their child daycare centers, there were five major findings. (1) The children's exposures were very low for most pollutants, with a few exceptions when pesticides had been applied recently in their environments. (2) Although there were slight and statistically significant differences in levels of some compounds between day care and home, and between low-and middle-income households, these differences and overall levels were small. Results for a larger number of participants are needed to draw meaningful, physically significant conclusions about these differences. (3) Except for the most volatile compounds, dietary ingestion was the primary route of exposure. Inhalation was the most important route for the organophosphate pesticides, the organochlorine pesticides, and the polychlorinated biphenyls, but for these groups of compounds, dietary ingestion was nearly as important. (4) Urinary biomarker measurements agreed adequately with measured aggregate exposures for PCP, 2,4-D, and BaA and could be used as biomarkers of exposure to these compounds. (5) Urinary biomarker measurements of the CPF metabolite TCP did not agree with the measured aggregate exposures to the parent CPF. Dietary ingestion of the pyridinol itself, even without contributions from other environmental media, produced urinary levels far higher than those that could have come from exposures to CPF. Therefore, in children without acute exposures to CPF, TCP is not a reliable biomarker of exposure.
